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Non-point source pollution is recognized as the leading cause of water
impairment throughout the United States. Amount of impervious surface cover has
gained attention as one of the strong emerging indicators of water quality (Arnold,
Gibbons. 2003; Schueler, 1994). Several methods to estimate and quantify impervious
surfaces have been devised and applied in past. Accurate spatial data on urban land-cover
and land-use is a necessary element to support urban land management decision making,
ecosystem monitoring and urban planning (Ridd, 1995). This study examines the role of
impervious surfaces as an indicator of water quality in the Saluda-Reedy Watershed of
upstate South Carolina. A collaborative application of Geographic Information Systems
and satellite remote sensing techniques using Normalized Difference Vegetation Index
(NDVI) is explored to estimate the amount of impervious cover for four annual time
periods spanning fifteen years. Water quality data corresponding to the chosen time
periods is gathered and statistically tested for examining correlation with amount of
estimated impervious cover. This research offers valuable contributions in the subject of
impervious surface mapping using commercially available Landsat TM satellite imagery.
An accurate estimation of impervious surface area in a region will provide clues to local
and regional governments for revising planning and zoning ordinances, laws and
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CHAPTER 1
INTRODUCTION
Impervious cover refers to surfaces which prevent infiltration of water into the
soil. Roads and rooftops being the major contributors to the total impervious area,
parking lots, pavements, sidewalks and compacted soil are the other types. In
undeveloped regions storm water filters down through the soil, replenishing ground water
quantity with water of good quality. (Kauffman, Brant 2000) Prevention of water
permeability into the ground disrupts the water cycle by altering natural hydrologic
patterns. Dominance of impervious surfaces in the landscape also results in increased
concentration of storm water flow causing stream channel erosion, habitat degradation
and severe impairment of aquatic communities. (Bird et al, year) Thus, the growth of
impervious surfaces is directly attributable to human habitation and construction activity.
The quantity of these surfaces has proved to be a valuable indicator of the intensity of
urban development. (Arnold, Gibbons. 1996) The imperviousness issue has also been
suggested to as a unifying theme for overall study of watershed protection (Schueler,
1994) and as an urban ecosystems analytical model. (Ridd; 1995)
Quantifying and analyzing impervious surfaces is an important step for
determining the current state of a watershed. It can serve as a key ingredient to carry out
further research for determining land-use planning implications and directing future
decision-making processes for ecologically sensitive zones.
1.1 Background and Purpose of Study
The Environmental Protection Agency ascribes non-point source pollution as a
leading threat to water quality. (EPA, 1994) The urban built environment is composed of
a variety of impervious surfaces which generate increased surface water runoff - a major
contributor to non-point source pollution. Urban centers of the United States have rapidly
expanded over the past 50 years. In addition rural landscapes are being replaced with
suburban communities. Such rapidly growing urban centers face an acute challenge of
managing the ever sprawling suburbs and fulfilling the water supply needs of the growing
population. This rapid development has been referred to as 'sprawl', which can be related
to growth in impervious surface cover. Impervious surface cover like roads, pavements,
roofing materials and parking lots over a certain amount have been found to significantly
affect the water quality and habitat health of any watershed. (Brabec et al; 2002)
This study is undertaken with an aim to provide impervious cover datasets for the
South Carolina Water Resource Center, which is currently conducting research as a part
of the Saluda Reedy Watershed Consortium. The consortium is a collaborative effort by
organizations and individuals concerned about the impacts of changing land-use on the
purity and abundance of water in the Saluda-Reedy basin.
1.2 Scope of Research
Hypothesis
Increase in impervious surface area over a period of time results in deteriorated surface
water quality in the receiving watersheds.
Objective
To map and estimate impervious surface cover in the Saluda Reedy watershed, SC for the
chosen years 1985, 1989, 1995 and 2000 and examine statistical correlation between
amount of impervious area and water quality parameters for each time-period.
Specific Objectives
review of past literature linking amount of impervious surfaces to water quality,
review of methods and tools using Geographical Information Systems and
Remote Sensing to detect, map and estimate impervious cover,
derive and apply appropriate method mapping and estimating impervious cover in
the Saluda-Reedy watershed, SC,
collect water quality data for relevant parameters and chosen time periods,
validate hypothesis by performing statistical analysis to examine correlation of




Since the implementation of the first comprehensive clean water initiatives
through the Federal Water Pollution Act, 1972 most of the major end-of-pipe sources of
water pollution such as sewage and industrial waste have been addressed. (Jennings;
Taylor. 2002) The USEPA recognizes runoff from non-point source pollution as a
leading cause of remaining water pollution in the nation. (SCDHEC) The Clean Water
Act of 1987 focuses on the importance of controlling non-point source pollution -
"It is the national policy that programsfor the control ofNPS pollution be developed and
implemented in an expeditious manner so as to enable the goals of this Act to be met
through the control ofboth point and non-point pollution "
Table 1 Sources of water quality impairment
Rank Rivers Lakes Estuaries
1 Agriculture Agriculture Urban runoff
2 Municipal point sources Municipal point sources Municipal point sources
3 Stream habitat changes Urban runoff Agriculture
Source: Water National Quality Inventory, EPA; 1994
A 2000 water quality report by the USEPA states that out of the 19 percent of rivers and
streams assessed by the states, 61 percent have good water quality. The leading source of
river and stream impairment is agriculture (48 percent) followed by urban runoff.
2.2 Non-point Source Pollution
"Non-point source (NPS) pollution, unlike pollution from industrial and sewage
treatment plants, comesfrom many diffuse sources. NPSpollution is caused by rainfall or
snowmelt moving over and through the ground. As the runoff moves, it picks up and
carries away natural and human-made pollutants, finally depositing them into lakes,
rivers, wetlands, coastal waters, and even our underground sources ofdrinking water."
USEPA, 1994.
Possible sources of non-point source pollution:
• excess fertilizers, herbicides, and insecticides from agricultural lands and
residential areas,
• oil, grease, and toxic chemicals from urban runoff and energy production,
• sediment from improperly managed construction sites, crop and forest lands, and
eroding stream banks,
• salt from irrigation practices and acid drainage from abandoned mines,
• bacteria and nutrients from livestock, pet wastes, and faulty septic systems.
(USEPA, 1994)
There have been wide scale national level efforts to minimize point source
pollution1, primarily discharge from industrial and sewage treatment plants and
substantial results have also been achieved in that regard. However, non-point source
pollution still poses challenges for nationwide water quality. It is the predominant reason
for 40 percent of lakes, streams and estuaries to be unsupportive of human activities like
swimming, fishing; let alone degradation of aquatic habitat, biodiversity and ecosystem.
(USEPA, 1994)
2.3 Impervious Surfaces
The USEPA recognizes non-point source pollution as the primary threat to water
quality in the United States. Research in recent years has consistently shown a strong
relationship between percentage of impervious cover in the watershed and the health of
its receiving stream. (USEPA, 1994) As impervious cover increases, velocity and volume
and surface runoff increases, resulting in a corresponding decrease in infiltration. As
precipitation is diverted from possible soil infiltration, the unfiltered flow over
impervious surfaces allows significant increase in storm-water runoff along with rise and
retention rate of chemical contaminants and sediments from anthropogenic sources.
(Tilley, 2002) This alteration in medium and speed of water discharge impacts natural
ecosystems and water quality, as compared to the proportion of infiltration through
natural ground cover. Eventually this affects ground water recharge by lowering water
1Federal Water Pollution Act, 1972: As amended in 1977, this law became commonly known as the Clean
Water Act. A basic structure for regulating discharges of pollutants was established by this act thereby
setting water quality standards for allsurface water contaminants. It gave EPA the authority to implement
pollution control programs such as setting waster water standards.
tables, since runoff water which otherwise would have filtered and percolated into the
soil now directly feeds untreated, into water-bodies. Thus toxic materials like oil flow
into natural systems without being filtered.
2.3.1 Impacts of Impervious Surfaces
"Because of impervious surfaces like pavements androoftops, a typical city block
generates more than five times runoffthan a wood-land ofthesamesize"
- USEPA, 1997
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Figure 1 (a), (b), (c), (d): Impacts of Impervious Surfaces
Source: USEPA
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Figure 1 (a), (b), (c), and (d) given above, illustrate theconnection between
increasing percentage impervious surfaces and surface runoff relative to decreasing
percentage of precipitation as infiltration into the soil as well as reduced percentage of
water evaporation.






These first order variables directly affect second order factors which eventually create an
impact on the hydrology and morphology of the stream
• discharge and
• sediment load.
Although impervious cover does not directly generate pollution, a clear
connection can be seen between impervious surface and hydrologic changes which
degrade water quality. (Brabec et al; 2002) Impacts can be categorized broadly as
hydrologic impacts, impacts on aquatic habitats, and impacts on structural habitats.
(Natural physical features)
Hydrologic impacts
• disruption of natural water balance,
• high peak flows and low base flows, (due to lower base flows streams do not have
the resilience to recover from drought conditions) and
• frequent flooding.
Impact on aquatic habitats
• elevated summer stream temperature due to runoff from heated pavements
(additional stress on biological communities) and
• reduced fish passage.
Structural habitat impacts (physical natural features)
• soil erosion,




loss of pool riffle structure ,
riparian area degradation, (fragmentation of riparian tree canopy)
decreased substrate quality and
urban heat islands.3
2A riffle ischaracterized by shallow water twoinches to onefootdeep, moderately swift moving water,
and a rocky stream bottom consisting of gravel from 1/4 inch to 10 inches in size. A pool and riffle
structure readily forms in a stream with sufficient large woody debris (LWD). The type and amount of
macro invertebrates (stream bugs) are related to the pooiyriffle structure of the stream. Some 'bugs' live in
the riffles and others live in the pools. The diversity of the bugs is a reflection of water quality.
Source: www.fish.washington.edu
3Urban heat islands: Impervious surfaces absorb heat during theday and release it at night, when outside
temperaturesfall. This causes average temperatures higher in areas that have greater percentagesof
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2.3.2 Imperviousness Thresholds
Thresholds are recognized as the most important quantification of impervious
surfaces on stream quality. Based on values established by Schueler, Arnold and Gibbons
have derived a ranking of stream health:
• Less than 10% impervious surface - Protected - Degradation first occurs
• 10% to 30% impervious surface - Impacted
• Over 30% impervious surface - Degraded - Severe degradation
Sensitive Stream Impacted Stream Non-Supporting Stream
(1-10% IC 11-25% It >25% IC
High quality, stable
flow regime
Signs of degradation, How
regime destabilizes
Low quality; stream is essentially
a conduit for conveying
stormwater
Stable channels are in
stable equilibrium






Structure needed to sustain fish is
diminished or eliminated
Excellent water quality Water quality degraded;
contact recreation becomes
an issue
Water contact recreation is no
longer possible
Diverse communities of
both fish and aquatic
insects
Many sensitive fish and
aquatic insects disappearing
from the stream
Stream cannot support any but the
most tolerant oflife forms
Do not experience
frequent flooding
Hooding becomes a more
serious problem
Flooding becomes a serious
problem requiring drastic
engineering solutions
Figure 2: Stream Attributes According to impervious cover(IC)Model (Schueler, 1994)
Source:
impervious cover. Theheat island effect can make summer temperatures 6-8 degrees Fahrenheit higher in
developed urban areas than the surrounding rural areas.
Source: http://www.csc.noaa.gov
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An impervious cover model has been developed by the Center for Watershed
Protection which predicts quality and character of stream based on percentage of
impervious cover. According to Brabec et. al., three important issues need attention in
order to define a threshold of imperviousness -
• The methodology for defining percentage imperviousness,
• Total impervious area (TIA) versus effective impervious area (EIA) and









Figure 3: Percentwatershedimperviousness and environmental quality
Source: http://resac.uconn.edu/publications/techjpapers/pdf__paper/Prisloe_LeCHurd.pdf
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2.5 Impervious Surface Cover as a Planning Tool
Land use and water resources planners frequently face the acute challenge of
combating sprawl in rapidly growing urban centers and its impact on water quality, while
wrestling to meet the ever increasing demand for water. A distinctive characteristic of
urbanized areas is the vast expanse of impervious cover in form of rooftops, roads,
parking lots and pavements. Arnold and Gibbons have stressed the relevance of
impervious surfaces as being strong indicators of urbanization as well as major
contributors of environmental impacts.
The emergence of scientific basis for defining a relationship between land-use and
amount of impervious surface associated with that land-use occurred in the field of urban
hydrology during the 1970's. (Brabec et al) A prime factor that has been driving interest
about impervious surfaces amongst planners and land-use analysts is that it is a
quantifiable land-use indicator which can be assessed easily and accurately and also
correlates closely with impacts of polluted runoff. (USEPA; Arnold & Gibbons; Bird et
al; Brabec et al) From a planning point of view, the most important numerical
quantification of the impact of impervious surfaces on stream quality is the threshold
level at which water quality impacts occur. However, a different perspective has also
been put forth by May et. al. which states that the physical, biological and chemical
characteristics of streams change with increasing urbanization in a continuous rather than
threshold fashion. (Brabec et al, 1997) A wide range of strategies to reduce IS cover and
mitigate impacts on water resources can be applied to various levels in planning -
regional planning, watershed planning, community planning, site-level planning and
design, land-use regulation. Land-use planning and zoning can be carried out based on
13
use and density categories which provide specific indicators - allowable lot coverage,
road standards and parking lot requirements as percentages of the total impervious area
that will result at build-out.
A build-out analysis is useful for long term planning as a way to understand
potential future growth. Mapping of expected locations of future development according
to the land-use plan can be done. Estimates of the number of new dwelling units when all
land available for development is developed at the highest intensities possible can thus be







__• 11 %- 15%
__• 15 % - 20 %
___• 21 % 25 %
___• 23 % - 30 %
•i 31 % - 35 %
Figure 4: Barnegat Watershed Build-out Analysis
Source: http://wwwxrssa.mtgers.edu/proj^^
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2.6 Methods of Detecting Impervious Cover
2.6.1 Historical Overview
The emergence and development of a scientific basis for the relationship between
land-use and amount of impervious cover associated with that land-use took place in the
field of urban hydrology during 1970's. Around this time of early research,
imperviousness was evaluated in four ways (Brabec et al)
• identifying impervious areas on aerial photography and then using a planimeter4
to measure each area,
• overlaying a grid on an aerial photograph and counting the number of
intersections that overlaid a variety of land-uses or impervious features,
• supervised classification of remotely sensed images,
• equating the percentage of urbanization in a region with the percentage of
imperviousness.
In addition to the above four distinct methodologies, Brabec et. al. give reference
to studies conducted by Stankowski (1972), Graham et al (1974), Gluck and McCuen
(1975), Sullivan at al (1978) and Alley and Veenhuis (1983) have shown a significant
correlation between demographic variables and total imperviousness. This correlation
opened a possibility of estimating imperviousness from widely available census data. In
this regard, useful variables like population density, number of households, employment
can be derived from census data.




2.7 Remote Sensing for Mapping Imperviousness
The planning arena is primarily concerned with allocating resources for future
development based on various aspects like demographics, economics, and environment
and so on. The underlying aim of this literature review was to obtain an overview of the
remote sensing technology application for an accurate delineation and detection of
current existing conditions. In the past few decades, technological innovation has enabled
a different perspective to understand our geospatial relevance as we rely more and more
on remotely sensed data as a tool to understand human impacts on earth's land surface.
(USGS, 2003) Land cover mapping is a valuable application of remotely sensed data for
many planning and management activities. Surfaces like roads, buildings, parking lots etc
created as a result of anthropogenic activities, are categorized as impervious surfaces as
they prevent infiltration of water into the ground, unlike natural ground cover.
Knowledge of location and extent of these surfaces is integral for hydrologic,
environmental and transportation applications. (Correa; Adhityavarma. 2002) The most
accurate measures of imperviousness can be achieved using traditional optical ground-
based survey techniques or global positioning system (GPS). However, due to time and
financial constraints, extensive fieldwork is not always feasible, especially in larger study
areas. (Sleavin; Civco, 2000) Remote sensing provides data at reduced costs and gives
timely results, thus proving to be a viable alternative. One limitation being reduced level
of accuracy as compared to ground measured tools. Sleavin and Civco have also pointed
out the importance of land-use specific coefficients in order to achieve effective results in














Sstftllite Remote Sensing with
Geometric Corrections
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Figure 5: Methods of detecting impervious cover - Cost versus accuracy
Source: http://resac.uconn.edu/publications/tech_papers/pdf_paper/asprs2000wdsl.pdf
2.7.1 Satellite Remote Sensing
16
This is an expedient and cost-effective way to estimate impervious cover over
large study areas. As mentioned earlier, one limitation of this tool is the lower level of
accuracy; i.e. relatively coarser resolution as compared to aerial photographs. Satellites
such as LANDSAT, SPOT and AVHRR provide moderate to very coarse data which is
relatively inexpensive and available for nearly any geographic region. This data is
available for different timeframes, which allows land-cover change studies to be
conducted over a desired period of time. Out of these, the Landsat series has been most
widely used for classifying various types of land-cover.
2.7.2 The Landsat Program
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The strength of the pioneer Landsat program5 is in the fact that it provided an
unprecedented ability to observe large geographic areas on a single image. Each scene
covers an area of 185 x 178 km on ground, thus allowing regional terrain analysis using
one data source instead of a large number of aerial photographs6. In all, seven satellites
were launched in this program. Satellites 1 through 5 carried the Multispectral Scanning
System (MSS) sensor, while satellite 4 launched in 1982 also had the Landsat TM sensor
onboard. Satellite 6 launched which carried the Enhanced Thematic Mapper (ETM) failed
to achieve orbit in 1993. In 1999, the seventh and latest satellite was launched with the
Enhanced Thematic Mapper + (ETM+) sensor onboard.
Each scene of the MSS sensor had a spatial resolution of 79m (medium
resolution) and four broad spectral bands. Although MSS pixels were classified into a
variety of land-use or land-cover categories, an unclear distinction between the two was
observed. (Ridd, 1995) The Thematic Mapper sensor had seven bands, out of which
bands 1,2,3,4,5 and 7 bear spatial resolution of 30m x 30m and band 6 (thermal infrared
band) has a resolution of 120 x 120m. The seven bands together help identification of
several discrete urban surface cover materials with characteristics signatures. (USGS)
After intensive analysis the TM sensor bandwidths were chosen for their behavior in
water penetration, discriminating vegetation type and vigor, plant and soil moisture
measurement and differentiation of clouds. (Jensen, 1996)
Table 2: Characteristics of the Landsat Thematic Mapper spectral bands (Jensen, 1996)
The National Aeronautics and Space Administration (NASA) initiated the Earth resource Technology
Satellite (ERTS) program in 1967. It subsequently deployed seven unmanned satellites with the first one in
orbit on July 23 1972. This program was later renamed as the Landsat program.
Approximately 5000 conventional vertical aerial photographs obtained at a scale of 1:50,000 are required





1 (blue) 0.45 to 0.52 • increased penetration of water bodies and
• analyses of land-use, soil and vegetation
characteristics
2(green) 0.52 o 0.60
• corresponds to green reflectance of
healthy vegetation
3 (red) 0.63 to 0.69
• very important band for chlorophyll
discrimination,
• useful for soil and geological boundary
delineations;
• More contrast than bands land 2 is
exhibited because of reduced effect
of atmospheric attenuation
4 (reflective
infrared) 0.76 to 0.90
• specially responsive to amount of
vegetation biomass
• very useful for crop identification and
emphasizes soil-crop and land-water
contrasts.
5 (mid-infrared) 1.55 to 1.75
• sensitive to turgidity (amount of water in
plants);
• useful in crop drought studies and plant
vigor investigations;
• important in hydrologic research - one of
the few bands which can be used to
discriminate between clouds, snow and
ice
6 (thermal infrared) 10.4 to 12.5
• measures amount of infrared radiant flux
emitted from surfaces;
• useful for locating geo-thermal activity,
vegetation stress analysis, soil moisture;
• often captures unique information on
differences in topological aspect in
mountainous areas
7 (mid-infrared) 2.08 to 2.35
• important for discrimination in geologic
rock formations;
• particularly effective in identifying zones
of hydrothermal alterations in rocks
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Sleavin and Civco have referred to previous studies regarding accuracy of Landsat
Thematic data -
• Punk et al (1990) were successful in attaining 85.1% accuracy for impervious
surfaces in Fort Worth, Texas using supervised classification of Landsat TM data.
• Toll (1984) found that Thematic Mapper was successful in achieving 50% - 80%
accuracy in determining suburban/urban land-cover as compared to 29% - 87% by
Multispectral Scanner data. (MSS)
In a studyconducted by Arthuret al in ChesterCounty, PA (1998) comparison of
remotely sensed information with that of land-cover maps and ground-truthing revealed
an accuracy of 75% - 87%.They pointed out difficulty in classifyingresidential areasdue
to complex land-cover patterns.
High Resolution Digital Multispectral Imagery
IKONOS satellite was launched in 1999, being the first one to deliver high
resolution imagery commercially. Low resolution multispectral satellite imagery is not
affected by shadows, while high resolution imagery is. Hence one cannot use traditional
classification techniques like maximum likelihood classification - it might create a
negative impact. Low resolution imagery "smoothes" out variations across ranges of
individual pixels (based on color and tone) allowing statistical processing to create
effective land cover maps. Higher resolution data does not do this - individual pixelscan
represent individual objects like manhole covers, puddles and bushes (based on texture,
shape, location, and context) in smaller pixels. In this case, meaningful texture
20
information occurs between pixels rather than within a single pixel and contiguous pixels
in an image can vary dramatically, creating very mixed or "confused" classification
results. There is also the issue of linear feature extraction. Lines of communication on a
lower resolution image can be identified and extracted as a single line. However, on a
high-resolution image, a road comprises the road markings, the road itself, the curb and
the pavement. A verydifferent method of feature extraction is therefore needed.
Figure 6: High Resolution Satellite Imagery (IKONOS)
Source: http://www.crisp.nus.edu.sg
Aerial Photograph Interpretation
Sleavin and Civco have mentioned that depending on the interpretation method used,
aerial photographs have the potential to provide extremely high accuracy data. Using this
medium for small study areas; i.e. town level or regional watershed is more practical.
Stereo photogrammetric techniques allow most accurate measurements from large scale
aerial photos as theyremove distortions that degrade accuracy. A needfor high resolution
photographs is inevitable while compilinga planimetric database





The area of satellite remote sensing is rapidly changing with the scheduled launching of
numerous satellites by companies in the private sector. These high resolution satellites
are not yet commercially available for public use; and special acquisition costs a very
heavy sum. Hyperspectral remote sensors collect image data simultaneously in dozens or
hundreds of narrow, adjacent spectral bands. These measurements make it possible to
derive a continuous spectrum for each image cell. The instrument used to produce
hyperspectral imagery are called 'imaging spectrometers' (Smith; 2001) Apart from
extremely high costs it also entails higher processing times and requires a large storage
capacity. (Sleavin, Civco, 2000)




LITERATURE REVIEW - II
METHODOLOGIES FOR ESTIMATING AND MAPPING IMPERVIOUS COVER
3.1 Approach developed by USGS
Numerous studies have focused on research to quantify impervious surfaces using
ground measured and remotely sensed data. An approach was developed by the USGS for
mapping large area impervious surfaces using multi-sensor and multi-source datasets.
This study involved synergistic use of Landsat 7 ETM+ and high resolution spatial
imagery. (Yang et al) This study summarized previous efforts to map impervious surfaces
briefly -
• Multiple regression: (Forster, 1980; Ridd 1995)
Ridd proposed a vegetation-impervious surface-soil model for conducting a
systematic urban ecosystem analysis from morphological, biophysical and
anthropogenic perspectives. Forster examined relationship between Landsat MSS
data and percent land-cover types sampled at pixel level from the Sydney
Metropolitan Area using multiple regression techniques.
• Spectral Unmixing (Ji and Jensen, 1999; Ward et al.., 2000)
• Artificial neural networks: (Wang, 2000; Flanagan and Civco, 2001)
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Spectral Unmixing and advanced machine learning algorithms are the more recent
methods that help derive impervious surfaces at sub-pixel level. Flanagan and
Civco conducted a sub-pixel impervious level mapping using artificial neural
networks and ERDAS imagine sub-pixel classifier.
• Classification trees ( Smith and Goetz, 2001)
Spectral Unmixing and Classification trees classification trees
• Integration of remote sensing data with geographic information systems
The goal of this study conducted by Yang et al was to develop a repeatable, accurate and
cost-effective method to map large-area impervious surface percentage at 30-meter
spatial resolution for the entire United States. They developed an approach for extracting
sub-pixel imperviousness information using a regression tree algorithm and Landsat 7
ETM+ as well as two types of high-spatial resolution imagery. The procedure was tested
in three geographic areas within the United States representing different geographical
scales: Sioux Falls, South Dakota (local scale of -1000 sq. km), Richmond, Virginia (sub
regional scale of -10,000 sq. km) and Chesapeake Bay of Eastern United States (regional
scale of 100,000 sq, km) Landsat TM satellite data, and two types of high-spatial
resolution imagery - IKONOS and DOQ (Digital Orthophoto Quadrangles) was used.
Sub-pixel impervious estimates of two mapping zones were finished in 2002 and
completion for entire United States was targeted for the year 2004. In another study by
Civco and Hurd, a method is described by which percent impervious surface is quantified
at the Landsat Thematic Mapper sub-pixel level.
I
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3.2 Approach Developed for USEPA
Another multi-scale strategy was implemented by Jennings and Taylor for the
USEPA. They conducted a research plan for detection and mapping of impervious
surfaces using a multi-scale, multi-date approach in the mid-Atlantic sub-watersheds.
Jennings and Taylor noted that an automated multi-scale strategy that can accurately map
impervious surfaces would add significantly add to the level of detail and efficiency of
current efforts attempting to understand and model ecosystem dynamics. They thus
proposed to determine the uncertainty in quantity and spatial characterization of
impervious surface areas as derived from aerial photography, National land Cover Data -
1992 and 2000 across the mid-Atlantic region.
Another study conducted by Bird et al developed models linking photo interpretation and
wide area estimation techniques to provide:
• Cheap estimates of impervious cover with known accuracy at watershed and sub-
watershed scales
• A comprehensive state-wide ranking of Georgia waters likely impaired or
threatened by urban storm water
• Characterization of change in imperviousness over a period of time
Existing aerial photography (DOQQ's) sampled statistically using desktop GIS tools was
used to evaluate impervious area estimates base don readily available landscape data
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including - categorized land-cover data (NLCD), block level census data, and road
networks. Bird et al noted that multiple data source estimation of imperviousness
provides improved accuracy compared to the use of land-use/land-cover alone, especially
for the 5-10% imperviousness range where prevention of storm water problems is critical.
3.3 Impervious Surface Analysis Tool (ISAT)
Prisloe describes an Arc View GIS based model developed by the Northeast
regional Earth Science Applications Center that estimates imperviousness at local
watershed level. This model used land-use land-cover (LULC) data interpreted from
multi-temporal 1995 Landsat TM imagery and LULC specific impervious surface
coefficients derived from large scale planimetric data from Connecticut towns. This
model is being developed as an The Impervious Surface Analysis Tool (ISAT) can be
used to calculate the percentage of impervious surface area of user-selected geographic
areas, (e.g., watersheds, municipalities, subdivisions)
Four digital spatial datasets are required -
• basins (watersheds),
• municipal boundaries,
• open space lands and
• satellite derived land-use land-cover datasets.
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"This model provides some interactive capabilities to let users investigate various land-
use change scenarios and determine how these may impact impervious surfaces and thus
water quality. Hopefully such information will encourage adoption of environmentally
sound land-use plans and site development techniques such as use of pervious
pavements; narrower streets etc that will protect stream quality from reducing future
impervious surface increases".
- Sandy Prisloe
3.3.1 Method to determine Imperviousness Coefficients for ISAT
The Non-point Education for Municipal Education program (NEMO) uses percent
impervious cover to estimate the extent to which a watershed's water quality has been
impacted. Sleavin and Civco conducted a study focused on development of impervious
surface coefficients based on the actual impervious cover for two suburban Connecticut
towns using Landsat TM. Percent impervious cover is determined by multiplying the
total area of certain types of land-cover by an 'impervious coefficient', specific to each
land-cover. Impervious surface coefficients express, as a percent, the typical
imperviousness of the area of interest for which they were designed.
In this study of measuring impervious surfaces for non-point pollution modeling,
Sleavin and Civco have given references to US soil conservation service (1986) and City
of Olympia (1994) regarding impervious surface coefficients.
A newsletter - Coastal Connections, released by the National Oceanic and Atmospheric





Land-cover data from sample sites
Watersheds data in vector format
Census population density data
Using 'Zonal Statistics' function in ArcGIS to calculate the
weighted mean and standard deviation of impervious surface
estimates for all combinations of land-cover class and population
density range. These are imperviousness coefficients.
Method developed at university of Connecticut
Research conducted by Chabaeva and Civco at the University of Connecticut
developed a set of impervious surface coefficients for land-use and land-cover categories
for the NLCD dataset using a method formerly developed at the university:
• NLCD shapefiles for each census tract were combined with the planimetric data
using ArcView's Geoprocessing 'Union' operation. This resulted in a new
shapefile where each polygon had two values - NLCD class and a binary value to
indicate if the polygon was impervious or not.
• For each tract, two frequency tables were created using XTOOLS and an
ArcView extension developed by the Oregon Department of Forestry - 1) sum of
the area for each land-cover class and 2) the sum of the impervious surface area
for each land-cover class
• The tables were exported to Excel and impervious surface coefficients were
calculated by the following formula -
2S
LULCcoefficient = LLLC^« .\
LULC
Area
where LULC:ii,tl<! is the total area of impervious surface for the NLCD class, and LULCirlli, is the total area
for the same NLCD class.
Figure 8: Formula for deriving imperviousness coefficients
Source: Report for 2002: Development of regionally calibrated land cover impervious surface coefficients
(Prisloe, Civco, 2003)
This procedure was repeated for each of the 108 tracts within the study area,
resulting in a database containing the total area of the tract, the percent impervious
surface area, area of each land-cover category within each tract and its calculated
impervious surface coefficient. A strong positive relationship between percent
impervious surface cover and population density was obtained. A census tract based
regression model was applied to all the watersheds and the percent impervious area for
each watershed was calculated and plotted, as shown in the figure below.
Figure 9: Predicted percent impervious surface for Connecticut watersheds
Source: Development of regionally calibrated land cover impervious surface coefficients (Prisloe, Civco,
2003)
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3.4.1 Normalized Difference Vegetation Index (NDVI)
NDVI is an index that provides standardized method of comparing vegetation
greenness between satellite images. Historically this method has been developed and
researched upon for mapping density of green vegetation on a large scale. In this
research, the resulting negative values after running an NDVI index over the satellite
image of the study area are interpreted as impervious areas encountered in our built and
un-built environment. This method was proposed in 1973 by Rousse et. al. as a simple
algorithm to process data and locate the distribution of vegetation on the great plains, and
remains as the most well-known and used index to detect live green plant canopies in
satellite data.
When sunlight strikes an object, certain wavelengths of this spectrum are
absorbed and other wavelengths are reflected. The pigment in plant leaves chlorophyll,
strongly absorbs visible light (from 0.4 to 0.7 um) for use in photosynthesis. The cell
structure of the leaves however, strongly reflects near infrared light (from 0.7 to 1.1 um)
Thus, more the leaves encountered more these particular wavelengths of light are
affected. In technical terms, NDVI is defined as the difference between the visible (red)
and near-infrared (NIR) bands, over their sum -
NDVI = (NIR-RED)
(NIR + RED)












These spectral reflectances are ratios of the reflected over the incoming radiation
in each spectral band. They therefore are expressed as values between 0.0 and 1.0. The
NDVI varies between the values -1.0 to +1.0.
<<DVI September 21-30, 1999




Figure 11: NDVI range
Source: www.earthobservatorv.nasa.gov
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Very low values of NDVI (0.1 and below) typically correspond barren areas of
rock, sand. In other words, low NDVI values describe presence of materials with
characteristics exactly opposite to those containing chlorophyll - Possibly asphalt paved
roads and parking lots, rooftops and sidewalks. Moderate NDVI values represent shrub




This thesis aims at achieving the objective of mapping impervious surfaces and
examining the correlation between increasing quantity of impervious surfaces and its
effect of water quality in upstate South Carolina's Saluda Reedy Watershed. The study
incorporates the powerful capabilities of Geographic Information Systems software,
ArcGIS 9.1 and remote sensing software, Erdas Imagine 8.7 for conducting spatial
analysis based on commercially available satellite imagery. It also involves the use of
simple, statistical analysis to explain the relationship between impervious surfaces and
specific water quality parameters observed over a period of 15 years- from 1985 to 2000.
The following are the specific objectives of the study:
• Stage 1 - From review of relevant literature and an understanding of the
capabilities of ArcGIS and Erdas Imagine, derive a suitable method for estimation
and quantification of impervious surface area in the study area
• Stage 2 - Establish estimated imperviousness indices for each of four years -
1985, 1989, 1995 and 2000
• Stage 3 - Acquire water quality data from water quality monitoring stations in
each of Saluda-Reedy watershed's sub-watershed.
• Stage 4 - Perform statistical analysis using Microsoft Excel and see if there is a
link between increasing impervious area and decreasing water quality trends.
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Software, hardware and required datasets for conducting analysis were provided by
Strom Thurmond Institute's Spatial Analysis Laboratory in Clemson University, SC.
4.1 Datasets and Sources
4.1.2 Satellite Data
Existing datasets prepared for the land-cover classification of Saluda-Reedy
Watershed Consortium were used for carrying out this study. Primary data were raw
Landsat TM satellite imagery obtained by the SC Water Resource Center acquired from
the USGS. These raw images were spatially corrected using by orthorectification . The
study area comprised of two scenes - scene 17 and scene 18. After orthorectification, the
two scenes for the selected time of each year were mosaicked to bring the entire study
area in one single image.
Table 3: Landsat TM raw satellite imagery information
Date Type Image ID Image ID
-
Path 18 Row 36 Path 17 Row 36
February 8 1985 Leaf off 5018036008503910 5017036008501610
December 4 1989 Leaf off 5018036008933810 5017036008931510
April 25 1995 Leaf on 5018036009511510 5017036009514010
June 9 2000 Leaf off NNS050180360609200000 NNS070170360610200000
1Orthorectification: Rectification is a process of projecting thedataonto a plane and making it conform to
map projectionsystem. It process removes the geometricdistortion inherent in imagerycaused by
camera/sensor orientation, topographic relief displacement, and systematic errors associated with imagery.
2Mosaick: Mosaicking is a process used to join two satellite images, to make oneimage. It is usually




Figure 12 (a), (b), (c) and (d): Raw Landsat TM satellite imagery for entire scene years
1985, 1989, 1995 and 2000 respectively
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Table35: Sources and description of vector datasets
Data Description Source
Watershed coverage (vector GIS SC Department of Natural
Hydrology polygon)
showing 11-digit HUC
watersheds in the study area





University of South Carolina
(USC)
GIS server
University of South Carolina
County boundaries Coverage files (vector GIS polygon)
of the seven counties contained






University of South Carolina
Roads Coverage files showing major
roads including interstates,





Data Data for specific water quality
parameters: temperature, turbidity,
dissolved oxygen and PH
Water quality monitoring stations
GIS point data
EPA STORET dataset





4.2 NDVI - Suitable Method
Impervious cover refers to surfaces which prevent the infiltration of water into the
soil. Primary contributors to impervious surfaces are roads, rooftops, parking lots and
pavements; however the literature review in this subject has thrown light on components
like compacted soil, gravel which often remain unaccounted in the process of impervious
area estimation. (Booth, Jackson; 1997) The concept of difference between Total
Impervious Area (TIA), and Effective Impervious Area (EIA) demands a holistic view to
impervious surface estimation within the context of surrounding vegetation. (Hicks and
Larson, 1997; Brabec et al, 2002) The amount of surface runoff from a road by the edge
of a lake and the amount of runoff flowing from a road into the lake, only after first
passing though surrounded by thick forested land will not be the same. Certainly much of
the water flowing through the forests will be absorbed and filtered in the rich vegetated
soil and replenish some amount of groundwater charge.
This is an important fact to be considered as impervious surfaces in a region are
estimated. The task now is not to only quantify the area of land covered by impervious
materials like asphalt, concrete and rooftops but also to consider for more and less
imperviousness of other ground covering materials like gravel, and compacted soil which
are not typically considered pervious. (See table) The addition of these components is
likely to increase the estimated area, however on the other hand inclusion of vegetated




The ever expanding urban areas exert tremendous pressure on the forested lands,
and it is worthwhile to think that the impacts of impervious surface area are not due to the
only fact that the amount has 'increased' per se; but more so due to the imbalance created
by the absence of vegetated land. If the same amount of impervious area was to be
carefully planned keeping in consideration the balance, the resulting impacts would
certainly be less.
The argument above significantly influenced the derivation of a suitable method
to map and estimate impervious surfaces in the Saluda Reedy Watershed. If this issue had
to be approached from the point of view of a vegetation index - which gives values to
pixels based on their chlorophyll induced reflectance behavior; resulting map will contain
values for high 'green' zones to low and lowest 'green' zones. The lower values thus, can
be interpreted as areas which have exactly opposite ground cover characteristics from tree
cover - understandably bare compacted soil, gravel, grass and so on. This is typically the
result given by Normalized Difference Vegetation Index (NDVI)
Stage 2
Establishing imperviousness indices for the four years of study, 1985, 1989, 1995 and
2000 based upon the NDVI analysis is described in the results section.
1
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4.3 Water Quality Parameters
Water quality parameters are used to describe the condition of the waterbody, to
help understand why that condition exists and to provide some clues as to how it may be
improved. On the basis of literature review of impervious surface impacts on water




• Dissolved Oxygen (DO)
• PH
Data for parameters listed above was obtained from 14 water quality monitoring
stations, for the specific time periods throughout the study area. The stations are
monitored by SCDHEC, whereas the data is made available from EPA's STORET
interactive website. This website supplies historical datasets (called as STORET Legacy
Data Center or LDC) from the year 1901 to 1998. The information collected in STORET
LDC is collected from all 50 states, tribal land, US territories and Canada over the past
thirty years. An important fact to be noted is the data from these water quality monitoring
stations is taken as a static value at one point or particular location within the sub-
watershed. This does not eliminate the possibility that a parameter may not be entirely
representative of the water quality of the entire watershed, but more so influenced by
J
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runoff from a particular location near the monitoring station. Data for the year 2000 could
not be accessed from the Modern EPA STORET database due to an internal server
problem. A closest year - 1998 data was substituted in place of year 2000.
4.3.1 Temperature
Temperature is an important indicator because of its influence on biological
diversity and water chemistry. It affects biological activity and growth of aquatic
organisms. Most aquatic organisms are cold blooded, hence unable to regulate their core
body temperature and have preferred temperature ranges. If water temperature is above or
below these preferred ranges, it results in decrease in number as well as variety of
species. Also, the rate of chemical reaction generally increases at higher temperatures,
which affects biological activity. Warm water holds less oxygen than cold water. So if
even it gets saturated it may not be sufficient to hold to hold aquatic life. Higher
temperatures also lead to oxygen stress in aquatic organisms. Rain water surface runoff
that flows over hot asphalt roads and concrete pavements before discharging itself in the
water body will be artificially heated. (Thermal pollution) Particularly in urban streams
elevated temperatures from surrounding roads and parking lots can be a serious problem.
Deforestation may also have an impact on water temperatures by cutting down trees
which provide shade and the waterbody absorbing more heat from sunlight.




Simply put, turbidity refers to clarity of water which depends upon the total
number of suspended solids. Higher the turbidity, murkier the water-body appears. Some
of the most common causes of increased turbidity are phytoplankton, shoreline erosion,
(which is aggravated by channelization, increased amount and flow rate of surface
runoff) Particle clay and other organic and inorganic matter which settles at the bottom of
water-bodies can suffocate newly hatched larvae. Although the major effect turbidity has
on humans is simply aesthetic, this parameter also implies increased real costs to surface
water treatment. Suspended solid particulates are susceptible to attachments by heavy
metals such as Cadmium, Mercury, lead and many toxic contaminants.
Turbidity is reported in Neplelometric units. (NTU's)
4.3.3 Dissolved Oxygen
Oxygen dissolved in water is needed for the survival of all aquatic organisms and also for
many chemical reactions that are important for lake functioning. It makes up only a tiny
one percent fraction of water. When air and water meet the oxygen molecules in air get
dissolved in water. However like any other gas diffusion process, its transfer is efficient
only above certain concentrations. Thus, oxygen can be present in water but a low
concentration would not be sufficient to hold aquatic life. Dissolved oxygen
concentrations are reported in units of milligrams per liter water. (Mg/L) Values below
the standard of 5 mg/L for freshwater indicate poor water quality.
41
4.3.4 PH
PH is a measure of amount of acidity in water, and its scale ranges from 0 to 14. Water
with a value of 7 is supposed to be neutral, whereas value less than 7 is acidic and more
than 7 is basic. PH also determines the solubility and biological availability of the
chemical constituents of water. According to the EPA, values outside the standard of (pH
6.5 to 8.3) indicate poor water quality.
4.4 Watershed Categorization
Watersheds are categorized as Hydrologic Unit Codes (HUC) as nationally consistent
delineations of hydrologic boundaries associated with major U.S river basins. The USGS
hydrologic unit hierarchy consists of 21 Regions, 205 Sub-regions, 336 Accounting Units
and 2,104 Cataloging Units. The cataloging Unit requires four pairs of two digit numbers
as its unique HUC - referred to as 8-digit HUC. Watersheds and sub-watersheds require
three digit numbers for identification. For example, the study area is a part of the Saluda
basin in South Carolina, which is identified with 8-digit HUC code as '03050109'.
Several smaller watersheds in the Saluda basin are identified as 11-digit HUC code -
North Saluda River watershed within Saluda basin is expressed as '03050109-070'. It is
further divided into 14-digit HUC sub-watershed.
Study was conducted at 11-digit HUC level, which is illustrated along with delineations
for monitoring stations for which water quality parameter values data were collected from
EPA STORET.
Sub-watersheds andWater Quality Monitoring Stations
Legend







Figure 13:11 digit HUC categorization and monitoring stations in study area
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Table 5: 11-Digit HUC watersheds and monitoring stations used in study
North Saluda River Watershed: 03050109-010
Location Greenville County
Total area 48,388 acres
Total monitoring stations s-008, s-292, s-004
Data collected from s-292
South Saluda River Watershed: 03050109-020
Location Pickens & Greenville County
Total area (acres) 77,990
Total monitoring stations s-077, s-252, s-291,s-320,
s-087, s-299,
Data collected from s-077, s-252, s-291
Oolenoy River Watershed: 03050109-030
Location Pickens County
Total area 31,469
Total monitoring stations s-798, s-103
Data collected from s-103; insufficient data
Saluda River Watershed: 030501090-040
Location Pickens & Greenville County
Total area (acres) 91,373
Total monitoring stations s-250, s-007, s-314, s-315,
s-171,s-119,s-267
Data collected from s-250, s-007, s-267
Big Creek Watershed: 030501090-050
Location Anderson County
Total area 12, 536
Total monitoring stations s-302
Data collected from none
Georges Creek Watershed: 030501090-060
Location Pickens County
Total area (acres) 21,104
Total monitoring stations s-005, s-300
Data collected from s-005
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Big Bushy Creek Watershed: 030501090-070
Location Pickens & Anderson County
Total area 23,652
Total monitoring stations s-301
Data collected from none
Saluda River/ Lake Greenwood Watershed: 030501090-080
Location Anderson, Greenville, Abbeville, Greenwood, Newberry
Total area 160,891
Total monitoring stations s-125, s-024, s-131, s-097, s-303
Data collected from s-131
Broad Mouth Creek Watershed: 030501090-090
Location Anderson, Abbeville
Total area 21,785
Total monitoring stations s-289, s-010, s-304, s-775
Data collected from s-289
Reedy River Watershed: 030501090-100
Location Greenville County
Total area (acres) 73,774
Total monitoring stations s-073, s-264, s-319, s-013, s-018, s-323, s-072, s-091, s-067
Data collected from s-264, s-067, s-072
Huff Creek Watershed: 030501090-110
Location Greenville County
Total area 22,837
Total monitoring stations s-178
Data collected from none
Reedy River Watershed: 030501090-120
Location Greenville, Laurens Counties
Total area 79,267
Total monitoring stations s-070, s-021,s-311,s-022
Data collected from s-021,s-022
Rabon Creek Watershed: ( 30501090-130
Location Greenville, Laurens Counties
Total area 81,513
Total monitoring stations s-322, s-313, s-322, s-296, s-096, s-307, s-312
Data collected from 0-96
J
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4.4 Stage 3 Statistical Analyses
Statistical analysis was performed using Microsoft Excel software to determine a
relationship between the impervious indexes derived from the previous analysis and the
water quality indicators mentioned. The analysis also is done to measure the percentage
of variability that is accounted for in the relationship. The water quality indicators that
were acquired from the Environmental Protection Agency's STORET database were
processed in Microsoft Excel. The attempt in the thesis was to estimate the relationship
between imperviousness and water quality. As mentioned in the previous chapters, the
hypothesis of the research was that there is a link between imperviousness and water
quality. Two kinds of simple statistical analysis were used to assess this relationship the
covariance analysis and the correlation analysis.
4.4.1 Covariance Analysis
Covariance provides a measure of the strength of the correlation between two or
more sets of random variates. The covariance is a kind of an expected value and it
measures how two variables vary or move together which is also called co-vary (Gujarati,
1999). This is different from variance that measures the variability of a single variable.
In other words, the covariance becomes more positive for each pair of values that tend to
differ from their mean in the same direction, and become more negative with each pair of
values which differ from their mean in opposite directions. This is to say that the more
they differ in the same direction, the positive the covariance, and the more they differ in
opposite directions, the negative the covariance.
J
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The formula can be summarized by the products of the difference in the means of
the first variable and the values of the variables divided by the total number of the values.
The X values have been taken as the total area of imperviousness that has more than 80
percent impervious surfaces. The Y values were taken as the water quality indicators for
the subsequent years that the X values were taken. The analysis was performed to see the
variation in the water quality from upstream stations to the downstream stations with
subsequent imperviousness acreages from the upstream water stations to the downstream
stations.
The values of covariance are either positive or negative, if cov (X,Y) > 0, then Y
tends to increase as X increases, and if cov(X,Y) < 0, then Y tends to decrease as X
increases. One thing that has to be noted here is that while statistically independent
variables are always uncorrelated, the converse is not necessarily true. For uncorrelated
variables, the value is zero.
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4.4.2 Correlation Analysis
Correlation analysis was also performed to check the amount of correlation
between the two variables. Correlation indicates the strength and direction of a linear
relationship between two random variables. Correlation as opposed to covariance gives
the strength of the relationship between the two variables where as covariance analyzes
the relationship of the two variables. The measure of correlation is given by the
correlation coefficient which is defined again as the measure of linear association
between two variables that is the strength of the two linearly related variables.
Some of the properties of the correlation are mentioned by Gujarati (1999) as follows:
• Like the covariance, the correlation coefficient can be positive or negative. It is
positive if the covariance is positive and negative if the covariance is negative.
• The correlation coefficient always lies between -1 and +1, symbolically as
follows:
-1<P<+1
• If the correlation coefficient is +1, it means that the two variables are perfectly
positively correlated, and if the correlation coefficient is -1 it means that they are
perfectly negatively correlated.




Thus, the correlation between two random variables X and Y is in simple terms
the ratio of the covariance between the two random variables divided by their respective
1
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standard deviations. The correlation coefficient was used to measure the strength of the
relationship between the imperviousness and the individual water quality indicators. It
gives an additional validity to the covariance analysis to check how good the variables
vary or covary. The indicators were taken in the order of their location from the upstream
to the downstream monitoring stations. The analysis was performed with the variables
being correlated to their individual years for four subsequent years identified for the
study. A single value variable of imperviousness was correlated with a number of
individual water quality parameters for the respective years.
The analysis is limited to assess the relationship between water quality and
imperviousness in a more generalized form and it is not in the scope of this study to
establish a causal relationship. Hence no form of sophisticated regression analysis was




NDVI analysis was conducted in Erdas Imagine software using the Spectral
Enhancement tab in the main Interpreter menu. The input data for this function was raw
satellite image from each of the years chosen for study. The figure below shows the
Modelbuilder form of the NDVI function.











Figure 15 (a), (b), (c) and (d): Raw NDVI Rasters for years 1985, 1989, 1995 and 2000
respectively
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Raw NDVI raster results after applying this function with 14 Digit-HUC
watersheds delineated are illustrated above. It should be noted that the NDVI values
range from -0.1 to +0.1, except for the year 1985 where the values ranged from -0.1 to
+0.75. On further examination it was found that the values for water, and developed areas
(impervious surfacezones) coincided with each other. This would imply that if this result
was to be quantified in terms of impervious acreages, (which was the intended final
result) the values of water would get counted in addition to impervious areas. The next
step thus involved masking out the water from the raw NDVI rasters.
5.2 Derivation of Impervious Range from NDVI Range
High
Low


































5.3 Masking Water Class from NDVI Rasters
Performing the task of masking water out of the NDVI rasters, was accomplished
by exploring ArcGIS's spatial analysis capabilities. The Combine function combines
multiple rasters to give a unique output value is assigned to every unique combination of
input values.
5.3.1 Data preparation for Combine: Convert decimal NDVI Values into Integer Values
The ArcGIS Combine function works only with integer values. Hence each NDVI
raster was processed to give values in whole integers instead of the default decimal
values. This step was done in Erdas Imagine Modelbuilder.
A function of NDVI raster x * 100 was applied to convert decimals values into integers.
The resulting raster thus gave values from -100 to +100 (-100 to +75 in case of 1985
NDVI) as against the original values of-1 to +1.
;|^l^|j^lsg,|^lLfe] £H sHJtlSl
Figure 16: Screen Capture of Conversion of NDVI decimal into Integer Value Process
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5.3.2 Input Data for Executing Combine Function
In order to separate values for water and impervious areas, a raster containing
only water value had to be combined with the NDVI integer raster. The National Land
Cover Dataset (NLCD) prepared by the MRLC Consortium (Multi-resolution Land
Characteristics Consortium) and supplied by the USGS meets the need for nationally
consistent satellite remote sensing and land cover data. The NLCD 1992 layer was
reclassified to give resulting two values - water class, and non-water class. This layer
was used as the second input to the NDVI integer raster for executing the Combine
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Figure 17: Raster containing water class derived from NLCD 1992
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5.3.3 Combine Function Results
The following figures illustrate the rasters before applying Combine function, and
after. Interestingly, the nature of the NDVI raster of having higher values for vegetation
and lower values for impervious area reversed completely after it was combined with the
water raster. The pattern of distinct developed areas although, was consistent.
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Figure 18: NDVI Raster after executing Combine and NDVI Integer raster (Year 1989)
Table 7: Differences between NDVI integer raster and combine raster













The table given below illustrates how the water class was separated from the NDVI
integer raster using Combine function. Value 2 in the water raster corresponded to water
class











Low / Medium /High /Very High
Impervious
0 - Water Class



























Imperviousness Indices for each of the time-period as obtainedwith the above given
break-up values are given below. It should be noted that certain discrepancies in level of
imperviousness may be found on comparison of indices. For example: GSP airport in
1989comes under 'high impervious', whereas in 1995 the same area comes under 'very
high impervious'. Practically, there is no change in level of imperviousness of the airport
after its construction.
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Impervious Index: Year 1985
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Figure 19: Impervious Index - Year 1985
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Impervious Index: Year 1989
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Figure 20: Imperviousness index - Year 1989
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Impervious Index: Year 1995
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Impervious Index: Year 2000




5.5 Percent Imperviousness per watershed
NDVI integer raster for each time-period was reclassified into 7 classes as per
break-up values. Obtaining spatially clustered pixels per class was the determining factor
for break-up values. Each level break-up was assigned a common impervious class as
given in the following table. Zonal statistics calculated mean percent values of
imperviousness for each time-period. For ease in understanding and explanation, the
classes are described in terms of percent values. It should be noted that giving actual
percent imperviousness values requires calculation of 'imperviousness coefficients',
which give a logical reasoning to the percent value associated with each class.
Table 10: Value raster class break-up values for calculating zonal statistics
Imperviousness 2000 1995 1989 1985
0 to 10% 88 to 66 52 to 92 27.1 to 89 18 to 70
80% to 100% -4 to -7 2 to 12 -22 10 to 18
60% to 80% 8 to 18 12 to 25 -16 6 to 10
40% to 60% 18 to 36 30 to 40 -8 1 to 6
20% to 40% 37 to 56 40 to 52 -2 -6.9 to 1
10% to 20% 56 to 65 52 to 92 -5 -16.9 to-7
0 to 10% -80 to -4 -100 to-10 -74 to-10 -50 to-17
The map given on the following page illustrates resulting rasters for all time-
periods. Maximum impervious value in 1985 was 17.82%, which in 1989 increased to
20.40%. This value further increased to 22.79% in 1995 and finally to 33.05% in the year
2000. According to Schuler, a watershed is
• protected - at 10% imperviousness,
• impacted - at 25% imperviousness and
• degraded - at >30% imperviousness.
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Figure 23: Percentage imperviousness per watershed for all time-periods
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5.6 Impervious Surface Acreages per Watershed
The following tables summarize the estimated impervious surface acreages
calculated for each sub-watershed, from every year's imperviousness index rasters.
Acreages were calculated by exporting the Combine Raster to Erdas Imagine.




North Saluda River watershed 010 • • .'
1 38837.5 30295.6 24434.6 23764
2 5861.43 14536.6 21642.9 22252.5
3 1344.75 1377.07 885.52 1038.93
4 1087.06 665.207 151.03 62.36
South Saluda River watershed 020 s-077, s-252, s-291
1 66773.3 44533.6 35778.2 25618.3
2 7587.43 30382.2 39584.7 50112.8
3 1583.45 1311.46 1451.79 1176.91
4 1122.43 517.067 187.92 101.87
1Oolenoy River watershed 030
1 26433 18865.6 10318.1 15367.3
2 3793.28 11429.4 20421.3 15638.6
3 588.184 714.949 514.62 235.86
4 4983.86
c iKCi c Art7
18').8 55.94 65.63
Saluda River Watershed 040
1 43016.9 39925.2 40621.5 40727.3
2 26892.1 43472.1 44050.8 47596.2
3 11264.3 4165.67 5004.32 1219.7
4 9144.42 2250.63 616.92 741.018
• •• . .. . • ...•-. •.. .
Big Creek watershed 050
1 8634.86 8119.33 8629.47 8786.11
2 7552.99 11109.5 10689.1 11561.4
3 2585.24 1015.31 1385.15 336.137
4 2139.66 538.022 205.22 224.24S
ivwcorfifcs Creekwstcrsned 060 r S-005
i 8083 8705.8 11000.7 10423
2 8075.07 12751.9 10726.5 12500.8
3 4192.56 1175.8 1633.36 330.033







Big Bushy Creek watershed 070
1 3882.79 4782.82 6319.88 6234.41
2 4024.45 6524.96 5188.66 6027.21
3 2592.53 687.891 800.67 115.942
4 1879.38 318.939 69.26 105.143
Saluda River watershed 80
1 81573.4 77092.6 62734.8 47402.9
2 50069.9 72229.3 85249.1 107215
3 16080 7372.82 9083.48 2507.72
4 11640.1 2958.74 2245.29 2451.68
Broad Mouth Creek watershed 090
1 8911.37 9145.45 10295.3 9965.13
2 6758.79 10750.2 9591.36 11282.1
3 3716.61 1152.42 1517.42 254.66
|_4_ 2279.86 474.911 261.19 160.05
Recdv River watershed 100 :
1 24687.3 25906.7 31277.8 31185.5
2 25042.5 35036.9 10748.7 37834.4
3 11280.3 5968.18 10087.8 2648.94
4 12153.2 5452 1034.13 1462.47
Huff Creek watershed 110
1 7585.78 8483.09 11392.7 10977.8
2 6606.28 11597.1 9151.71 10876.4
3 4733.25 1395.65 1785.19 379.94
4 3688.51 969.41 279.1 373.45
Reedy River watershed 120 s-021, s-022
24180.31 39510.8 35179 32911.7
2 18380 30513.9 33682.8 44289.9
3 7201.8 2666.29 2510.83 652.505
4 4413.42 869.78 395.86 380.29
1 38815.6 37131.2 40558.8 27446.6
2 22980.2 37586.9 35485.7 51608.9
3 11097.3 3917.92 3777.59 839.53
4 7513.6 1380.63 570.442 513.06
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The Chart below illustrates trends of increasing of very high impervious surfaces
(value 4). Amount of impervious surface is given in unit acres. The monitoring stations
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Figure 24: Chart showing comparative impervious acreages for all time-periods across all
stations
Most urbanized areas in the Saluda-Reedy watershed (Greenville City) are
contained in sub-watershed 100 (Reedy River watershed), 040 (Saluda River watershed)
and northern region (Easley City) of 060. (Georges Creek watershed) The corresponding
monitoring stations for these sub-watersheds are - s-264, s-067, s-072, s-250, s-007, and




Saluda River watershed (040; Monitoring stations S-250, S-007
Impervious surfaces acreages increased by two hundred and three percent during
the ten year period from 1985 to 1995. From 1995 to 2000, it increased by four hundred
and six percent. This watershed comprises of the western portion of Greenville City.
Georges Creek watershed (060; Monitoring stations S-005)
According to the estimated impervious acreages, Georges Creek watershed
experienced a two hundred and ninety six percent increase from the ten year time period
of 1985 to 1995. Impervious surfaces further increased by a four hundred and thirty seven
percent from the year 1995 to 2000. The reason for such a massive increase can be
attributed to the rapid development in Easley City which takes a heavy traffic load from
highway 123 to 1-85.
Reedy River watershed (100; Monitoring stations S-264, S-067, and S-072)
This watershed comprises of the City of Greenville - which is one of the most
sprawling cities on 1-85, and has witnessed tremendous population growth in the recent
decade. According to estimates in this research, impervious surfaces increased by three
hundred and seventy two percent in the ten year period from 1985 to 1995 and by two
hundred and twenty two percent from year 1995 to 2000.
The estimated acreages of impervious cover must be tested for accuracy and it is
likely thatdetailed ground-truthing finds these values over-estimated in certain areas and
under-estimated in some.
5.7 Water Quality Data
Table 12: Average annual water quality parameter values for chosen time-periods
Year Temp Turbidity DO PH
Station 292
1985 17.46 79.50 9.14 6.78
1989 16.27 66.36 9.05 6.74
1995 17.42 52.25 8.93 7.28
1998 19.00 38.11 8.91 7.00
Station 291
1985 18.50 40.55 8.92 6.59
1989 16.38 40.10 9.06 6.44
1995 17.54 58.58 8.80 6.95
1998 19.65 88.60 9.04 6.54
• :'...
Station 252
1985 19.33 32.72 8.82 1.74
1989 18.67 64.00 8.65 6.63
1995 18.75 52.67 8.99 6.84
1998 20.67 34.13 8.36 6.68
Station 250
1985 15.33 25.68 9.28 6.61
1989 15.55 44.55 16.60 11.65
1995 15.55 21.91 9.04 12.19
1998 17.29 20.94 8.62 6.58
Station 7 • : • '•
1985 25.33 40.17 8.78 6.18
1989 16.77 46 8.62 6.582
1995 15.77 39.64 9.88 6.782
1998 17.25 11.71 8.85 6.53
Station 5
27.671985 21.17 7.4 6.75
1989 19.33 21.5 7.88 6.48
1995 19.5 30.17 8.02 6.65
1998 18.58 25.00 8.73 7.11
Station 264
1985 20.17 27.57 7.80 6.72
1989 23.08 40.33 7.78 6.49
1995 19.92 15.33 8.36 6.65
1998 20.58 14.10 8.11 6.54
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Table 12 Contd.: Average annual water quality parameter values for chosen time-periods
Year Temp Turbidity DO PH
Station 67
1985 22.17 62.17 7.5 6.72
1989 21.92 52 8.9 6.6
1995 20.17 41.83 8.08 6.58
1998 21.9 41.5 7.94 6.794
station11
1985 22.08 36.50 4.52 7.03
1989 20.08 42.17 7.09 6.9
1995 23.08 31 6.87 6.77
1998 18.56 23.23 7.32 6.91
i
1985 20.50 20.22 4.86 6.78
1989 21.25 18.33 5.88 6.58
1995 22.58 23.83 6.58 6.88
1998 22.13 33.25 8.72 6.41
j olaXIOIl.-'Jt 1:
16.29 56.251985 8.67 7.58
1989 16.38 54.58 8.24 7.175
1995 17.08 33.25 8.55 6.83
1998 17.88 20.75 8.72 6.86
Station 22
1985 25.17 60.5 10.5 8.83
1989 22.19 43.83 9.64 8.13
1995 25.58 49.67 8.45 7.43
1998 12.5 120 8.2 6.64
Station 96 :
1985 21.17 28.5 7.9 7.12
1989 21.42 36.5 7.5 6.83
1995 22.33 39.67 7.61 6.86
1998 20.48 25.5 8.51 7
Station 131 HHHK'. •
8.191985 20.71 39.33 9.7
1989 19.71 35.33 9.48 7.63
1995 19.73 37.46 8.64 6.66







5.8 Trends in Water Quality Parameters
5.8.1 Temperature
Temperature







Figure 25: Graph showing trends in annual average temperature of water samples
The graph above shows trends in average annual temperatures recorded on the
selected monitoring sites for the chosen time periods.
Saluda River watershed (040; Monitoring stations S-250, S-007)
Average temperature for station S-250 increased from 15.33 degree C in 1985 to
17.29 degree C in 1998. Reported values in station 007 are highest in the year 1985;
however values have consistently increased by one degree C from 1989 to 2000.
Georges Creek watershed (060; Monitoring stations S-005)
Interestingly, the reported average temperature in S-005 for the year 2000 was the
lowest amongst all time periods with a steady decrease from 21.17 in 1985 to 18.58 in
2000.
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Reedy River watershed (100; Monitoring stations S-264, S-067, and S-072)
In station S-264, temperature averages decreased form 1985 to 1995, but the
highest record is in the year 2000 with 20.58 degrees C. This is just slightly above the
1985 recorded temperature of 20.17 degrees C.
Amongst all selected stations and all time periods, station 022 in the reedy River
watershed (120) has the least recorded temperature ofl2.5 degree C in the year 2000.
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Figure 26: Graph showing trends in annual average turbidity in water samples
The highest recorded turbidity value is in the year 2000 at monitoring station 22,
which is a part of the Reedy River watershed (120) below City of Greenville. The value
at this station in the year 1985 was 60 NTU's and dropped to 43.83 in the year 1989.
Year 1990 witnessed 49.67 NTU's and the value rose to the highest of 120 NTU's by the
year 2000. The impervious surfaces for this watershed increased from 380 acres in 1985
to 4413 acres in 2000. Although this is not the highest amount of acreages estimated






immediatelydownstream from Greenville City. There is a high possibility that the impact
of the high imperviousness areas in the growing city actually make their effect not in the
watershed located downstream.
The next high value for the turbidity parameter is in the monitoring station S-291
which is a part of the South Saluda River watershed which lies in the northern region of
Greenville County. However, this watershed has one of the lowest impervious surface
acreages. One reason for higher turbidity than other watersheds could be soil erosion in
the high terrain of this part of the watershed.
5.8.3 Dissolved Oxygen (DO)
292 291 252 250
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Figure 27: Graph showingtrends in annual averagevalue of DissolvedOxygen in water
samples
The values of DO have to be interpreted in the opposite manner than those of the
earlier two parameters. Lower DO values are harmful for health of a water-body and are
an indicator of impacts of higher temperatures.
It is worthwhile to compare results of turbidity values with DO values, especially
in the case of station 022, located downstream Greenville City on Reedy River. This
L
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station observed a trend of consistently declining value of 10.5 Mg/L in 1985, 9.64 Mg/L
in 1989, 8.45 Mg/L in 1995 and recorded least DO value of 8.2 Mg/L in the year 2000.
This trend is reinforced by another observation in station S-264, located in the Reedy
River watershed 100 which contains City of Greenville itself. Lowest DO values declined
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Water with PH value more than 8.3 and less than 6.5 is not considered healthy. Ph
values seem to have settled at a more comfortable range in the period 2000 than its
preceding years. This trend is most obvious for stations S-22, where recording value for
1985 was 8.83, which is higher than the acceptable higher limit. It reduced consistently in
the coming years, until it reached a value of 6.64 in 2000. It should be noted however,
that the trend shows declining value, and its likely that it may drop below the established
lower limit of 6.5 which is also harmful. A similar trend is also observed for station S-21
although higher value in 1985 was not beyond the established standard.
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5.9 Percent Impervious Change and Turbidity Values
Turbidity is the most significant water quality parameter for urbanization. New
construction, increase in asphalt surfaces and automobile use and other anthropogenic
activities which generate impervious cover are directly related to turbidity, than any other
parameter. In the following map percent imperviousness for two extreme time-periods of
this study - 1985 and 2000 is illustrated along with turbidity values in monitoring stations
for each watershed.
Turbidity values are arranged as a range from < 10 NTU, < 20NTU, < 30 NTU,
< 40 NTU, <50 NTU, < 60 NTU, < 70 NTU, < 80 NTU, and > 100 NTU for ease of
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5.9 Statistical Analysis Results
For the year 1985, the impervious surface acreages were taken as one individual variable
with the four water quality parameters to run a covariance and correlation analysis.
5.9.1 Covariance-Correlation: Year 1985
Table 13: Covariance and Correlation results for year 1985
Indicators Covariance Correlation (R2)
Imperviousness, Temperature 467.57 0.163
Imperviousness, Turbidity -3635.62 -0.229
Imperviousness, Dissolved 02 -26.03 -0.016
Imperviousness, PH 105.30 0.152
The values for the indicators imperviousness and temperature show a positive
relationship which interpreted in statistical terms would mean that as the imperviousness
is increasing across the water quality stations, the temperature is increasing. There is a
negative value associated with the covariance of the imperviousness, turbidity and
dissolved oxygen. As the values of imperviousness increase along the sub watersheds, the
turbidity is showing a decreasing trend. PH on other hand has a positive value of
covariance i.e. as the imperviousness increases along the watersheds downstream, the PH
values also increase. The highest correlation coefficient that could be obtained was for
turbidity which was negative correlation at a value of-0.229.
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5.9.2 Covariance-Correlation Year 1989
For the year 1990, the impervious surfaces were taken as one individual variable with a
host ofother water quality parameters used to run a covariance analysis with a correlation
coefficient.
Table 14: Covariance and Correlation results for year 1989
Indicators covariance correlation (R2)
Imperviousness, Temperature 294.90 0.189
Imperviousness, Turbidity -921.10 -0.104
Imperviousness, Dissolved 02 131.68 0.084
Imperviousness, PH 76.98 0.242
All the values of covariance are positive for the year 1990, as the values in the
imperiousness increase, the values of the temperature, dissolved oxygen and PH increase.
As values of imperviousness increase along the monitoring stations on the stream varies
the values of water quality increases. There is a negative value of covariance associated
with turbidity. However it does not mean that there is a causal relationship between the
imperviousness and other water quality indicators. The highest correlation coefficient that
could be found in the analysis was 0.24 for PH. There is a negative correlation between
imperviousness and the turbidity however the R squared values are very low.
5.9.3 Covariance-Correlation Year 1995
Table 15: Covariance and Correlation results for year 1995
Indicators covariance correlation (R2)
Imperviousness, Temperature 693.09 0.124
Imperviousness, Turbidity 113.68 0.005
Imperviousness, Dissolved 02 -337.27 -0.204
Imperviousness, PH -327.20 -0.494
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For the year 1995, as the value of imperviousness varies along the watershed,
there is an increasing trend in temperature and turbidity. Dissolved oxygen and PH tend
to decrease as the imperviousness increases. The highest correlation values recorded for
the year 1995 were for the PH with a negative value of 0.49. For the year 2000, the water
quality data for the year 1998 was used for the analysis; the covariance values are
negative for turbidity and dissolved oxygen.
5.9.4 Covariance-Correlation Year 2000
Table 16: Covariance and Correlation results for year 2000
Indicators covariance correlation (R2)
Imperviousness, Temperature 1324.84 0.126
Imperviousness, Turbidity -45887.87 -0.364
Imperviousness, Dissolved 02 -1076.46 -0.549
Imperviousness, PH 111.70 0.114
The highest values recorded for the correlation coefficient are dissolved oxygen
with a negative correlation coefficient value for dissolved oxygen was -0.54. The other
highest value of correlation coefficient is a negative value of-0.36. The results show that
turbidity decreases along the monitoring stations as the imperviousness increases. In




This thesis attempted to address the issue of non-point source pollution by
studying the correlation between impervious surfaces area and quality of water in the
Saluda Reedy watershed of upstate South Carolina. This watershed includes the seven
counties of Greenville, Anderson, Pickens, Abbeville, Greenwood, Laurens and
Newberry. The research consisted of two major aspects -
• mapping and estimation of impervious surfaces for four time-periods spanning
fifteen years; and
• testing the correlation between amount of impervious cover and quality of water
in the receiving water-bodies of the watershed.
In this section, conclusions are discussed in terms of accomplishments of the two major
aspects, whereas deficiencies of this study are discussed as further research to be carried
out.
6.1 Mapping and Estimation of Impervious Surfaces
One of the two goals of this study was to map and estimate impervious surface
cover in the Saluda-Reedy watershed with the aid remote sensing and geographical
information systems techniques. Commercially available moderate resolution (30m x
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30m) Landsat TM satellite imagery for years 1985, 1989, 1995 and 2000 was obtained
from the U.S Geological Survey. Normalized Difference Vegetation Index (NDVI) was
chosen as an appropriate technique to map impervious cover.
A significant and mounting increase in impervious acreage was observed through
years 1985, 1989, 1995 and 2000. Percentage imperviousness per watershed was also
estimated which presented implications on overall health of each watershed. In year 1985
only one watershed - Reedy River watershed (Greenville City) with a value of 17.82%
was above the initial degradation threshold of 15%. In 1989 maximum impervious value
increased to 20.40% in the Reedy River watershed. From 1989 to 1995, this value
increased to 22.79%. Most significant change was observed in the year 2000 when six
watersheds crossed the threshold of impacted (15 - 25%) to reach a maximum percent
imperviousness at 33.05%. In this time-period, the watershed containing Lake
Greenwood which is the largest water-body in the study area reflected as 'impacted' with
20-25% impervious cover.
The research mainly highlights percentage impervious per watershed. It should be
noted though, that the impervious indices created can also be used to effectively illustrate
imperviousness per census tract, or block group. This would prove useful when such
information from spatial datasets must be translated into procedures for amending zoning
ordinances and development laws by governing bodies. Impervious surface mapping and
estimation is a very good tool for planners and resource managers to evaluate the current



























































































6.2 Trends in Water Quality Parameter Values
An interesting observation was made in turbidity values recorded at monitoring
station S-022, on the Reedy River watershed. Year 1990 witnessed 49.67 NTU's and the
value rose to the highest of 120 NTU's by the year 2000. The impervious surfaces for this
watershed increased from 380 acres in 1985 to 4413 acres in 2000. Although this is not
the highest amount of acreages estimated amongst all watersheds, it is interesting to note
that this Reedy River watershed is located immediately downstream from Greenville
City. There is a high possibility that the impact of the high imperviousness areas in the
growing city actually make their effect not in the watershed located downstream.
6.3 Statistical Analysis
Simple statistical analysis was performed to determine the correlation between the
two variables - impervious acreages and annual averages of water quality parameters.
Highest correlation coefficient in 1985 was for turbidity at 0.22, while in 1989 the highest
value was observed for PH at 0.24. In the year 1995 correlation between impervious
acreage showed highest correlation with PH at 0.49, and in 2000 with dissolved oxygen
at 0.54. The value for 2000 was the highest correlation values amongst all parameters and
all time-periods. However, this result is not consistent and sufficient to establish a strong
correlation between the impervious acreage and any of the chosen water quality
parameters.
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Choosing a different set of parameters which more directly affect water quality
may give better results. It is logical to assume that turbidity is the most influenced by
subsequent growth in anthropogenic activities and impervious surfaces. However,
coefficient of correlation for this parameter did not give satisfactory results to prove the
hypothesis. Part of this can be accounted to accuracy of recorded field data by concerned
agencies. As discussed earlier, field parameter values are recorded for sample water once
a month and they may not reflect the actual water quality in the water-body.
Statistical analysis does not show a very high correlation between the increasing
acreages and quality of water of looked at generally, but specific observations which
looked at individual watersheds and upstream-downstream locations of impervious cover
explain the possibility of increased surface runoff being a cause of some water quality
deterioration.
6.4 Further Research
Results and conclusions must be discussed in the light of certain limitations of
this research -
• The divergence from the intrinsic nature of NDVI raster of assigning higher
values to vegetation and lower values to impervious surfaces was observed after the raw
NDVI integer raster was combined with water raster. Investigating into this issue would
require further research and analysis.
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• The rasters obtained after combining NDVI integer and water had different
highest values which gradually increased from 1985 to 2000. Also, the classification
break-up values for creating the final impervious surface index were not consistent.
Priority was given for good spatial illustration of impervious areas, and the break-up
values that worked best for each year's raster were finalized. This was also the case for
percent imperviousness per watershed rasters. Ideally, when comparing imperviousness
between different time periods it is necessary to have consistent classification break-up
values. Delving into these aspects was beyond the scope of this research.
• The impervious surface index maps created for years 1985, 1989, 1995 and 2000
clearly illustrate increase in impervious surface amount. This index must be tested for
accuracy and ground-truthing using high resolution imagery or any other technique.
• With respect to Imperviousness indices, it should be noted that certain
discrepancies in level of imperviousness may be found on comparison of indices. For
example: GSP airport in 1989 comes under 'high impervious', whereas in 1995 the same
area comes under 'very high impervious'. Practically, there is no change in level of
imperviousness of the airport after its construction. Such discrepancies can be cleared
with more expertise and better classification of the NDVI rasters.
• Percent imperviousness is expressed in terms of numerical values ranging from
3.4% to 33.05% for ease of understanding and explanation. In past studies, percent values
are calculated from 'imperviousness coefficients'. It should be noted that the percent
J
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values in this study are not derived from imperviousness coefficients, and further
research regarding this is required.
• Water quality data for the year 2000 could not be accessed due to an internal
server error of the EPA STORET database. Data from the closest year 1998 was
substituted to perform statistical analysis of correlation between impervious surface
acreage and water quality parameters.
• Regression analysis may produce better results and establish as causal relationship
between the two variables.
•
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